Metabolic engineering has created several Escherichia coli biocatalysts for production of biofuels and other useful molecules. However, the inability of these biocatalysts to directly use polymeric substrates necessitates costly pretreatment and enzymatic hydrolysis prior to fermentation. Consolidated bioprocessing has the potential to simplify the process by combining enzyme production, hydrolysis, and fermentation into a single step but requires a fermenting organism to multitask by producing both necessary enzymes and target molecules. We demonstrate here a binary strategy for consolidated bioprocessing of xylan, a complex substrate requiring six hemicellulases for complete hydrolysis. An integrated modular approach was used to design the two strains to function cooperatively in the process of transforming xylan into ethanol. The first strain was engineered to coexpress two hemicellulases. Recombinant enzymes were secreted to the growth medium by a method of lpp deletion with over 90% efficiency. Secreted enzymes hydrolyzed xylan into xylooligosaccharides, which were taken in by the second strain, designed to use the xylooligosaccharides for ethanol production. Cocultivation of the two strains converted xylan hemicellulose to ethanol with a yield about 55% of the theoretical value. Inclusion of other three hemicellulases improved the ethanol yield to 70%. Analysis of the culture broth showed that xylooligosaccharides with four or more xylose units were not utilized, suggesting that improving the use of higher xyloogligomers should be the focus in future efforts. This is the first demonstration of an engineered binary culture for consolidated bioprocessing of xylan. The modular design should allow the strategy to be adopted for a broad range of biofuel and biorefinery products.
Hemicellulose is the second most abundant renewable biopolymer, second only to cellulose. Xylan is one representative hemicellulose, characterized by a ␤-1,4-linked xylose backbone. Depending on the source, xylan is substituted with various groups, such as acetate, arabinose, and glucuronic acid (Fig. 1) . Additionally, the arabinose side chain is further modified by phenolic compounds such as ferulic acid, which provides cross-links with other xylan chains or lignin. Recent interest in using xylan as feedstock for biofuels and bioproducts has led to the development of numerous promising processes for a variety of products, such as biodiesel (5, 26) , xylitol (10, 12, 18, 21) , and ethanol (7, 9, 11, 13) . Although xylan is relatively easily hydrolyzed through chemical pretreatment, the process often generates inhibitors that compromise the subsequent bioconversion catalyzed by biocatalysts (23, 28) . For this reason, enzymatic hydrolysis is preferred, but the cost of enzymes is often prohibitive. Conventionally, enzyme production, enzymatic hydrolysis, and fermentation are accomplished in separate reactors, representing three distinct unit operations of a bioprocess.
Consolidated bioprocessing seeks to reduce process complexity and enhance efficiency by combining enzyme production, hydrolysis, and product formation into a single step. However, although successful metabolic engineering efforts have created numerous biocatalysts in converting glucose or xylose into target products, these catalysts are unable to directly use xylan substrates. Additional engineering is thus necessary for consolidated bioprocessing of xylan.
Two factors make engineering Escherichia coli for direct use of xylan particularly challenging. First, as illustrated in Fig. 1 , the complete hydrolysis of xylan to its monomeric constituents requires six different kinds of hemicellulases, including xylanase, xylosidase, ␣-arabinofuranosidase, acetylxylan esterase (AXE), ␣-glucuronidase, and ferulic acid esterase. E. coli catalysts would need to produce a full complement of hemicellulases in order to achieve high-level conversion of xylan. Second, many of these hemicellulases have to be secreted outside the cells to be useful, but E. coli is known to not be a good secretor of recombinant proteins. In this work we illustrate a binary strategy in which two E. coli strains are designed and constructed to cooperatively accomplish enzyme production, hydrolysis, and target product formation using ethanol as a model. The binary strategy allows the burden of overexpression of multiple hemicellulases to be distributed between two strains. Additionally, the need for secretion is lessened by engineering the use of partially hydrolyzed xylan, or xylanoligosaccharides. To the best of our knowledge, this is the first E. coli binary culture designed and engineered for conversion of xylan to ethanol.
MATERIALS AND METHODS
Strains, plasmids, and primers. The strains and plasmids used in this study are listed in Table 1 . The binary system consists of two host strains, E. coli E609Y, an lpp-knockout strain constructed previously (14) , and KO11, an ethanologen (27) obtained from ATCC. All primers used in this study are listed in Table 2 .
Construction of recombinant plasmids. (i) Plasmid pCRAXEXYL for coexpression of xylanase and acetylxylan esterase in E609Y.
To construct the expression plasmid pCRAXEXYL ( Fig. 2A) , the acetylxylan esterase gene (axeA, CAB61737) was amplified from the genomic DNA of Streptomyces violaceoruber by PCR as described by Nisole et al. (15) using two primers, AXE-F and AXE-R, and was subsequently ligated into the pCR2.1-TOPO vector to generate pCRAXE. After the direction of the cloned axeA gene was confirmed by PCR, a T5 promoter-driven expression cassette of the xylanase gene (xyl11A, BAB04618) was amplified from a previously constructed plasmid, pQTATXyl (24) , by PCR using primers T5X-F and XylXba-R and was inserted into EcoRV and XbaI of pCRAXE to yield pCRAXEXYL ( Fig. 2A) . A slightly modified plasmid, pCRAXEXYL(Km Ϫ ) (Fig. 2B) , was also constructed by removing the 1.1 kb of the DraIII and NcoI fragment, including the partial (461-bp) kanamycin (Km) resistance (Km r ) gene from pCRAXEXYL. This plasmid is used in singlestrain control experiments. The removal of the Km resistance gene is necessary for plasmid compatibility, as single-strain controls carry a second plasmid, pBBKXYN, which harbors a Km resistance gene (Fig. 2C) .
(ii) Plasmid pBBKXYN for expression of xyloside-utilizing KxynTB operon in KO11. On the basis of bioinformatic analysis, the Klebsiella xynTB (KxynTB) operon was identified from the sequenced genome of Klebsiella pneumoniae (ATCC 700721D-5), which encodes a putative xyloside transporter (XynT) and a putative ␤-xylosidase (XynB). To construct plasmid pBBKXYN (Fig. 2C) , the operon gene, starting from the first ATG codon and ending with the stop codon of the second gene, was amplified from the genomic DNA of Klebsiella pneumoniae by PCR using two primers, XYN-F and XYN-R, and was subsequently inserted into SphI and HindIII of pQE80L. This recombinant plasmid was cut by XhoI and PciI, and after blunting of the XhoI-digested end using T4 DNA polymerase, the fragment was inserted into the StuI and NcoI sites of pBBR122, resulting in pBBKXYN (Fig. 2C ). According to this design, XynT is expressed from the vector's ribosome binding site (RBS) (pQE80L; Qiagen), whereas XynB uses the native RBS between the two genes.
(iii) Plasmid pTAGU for ␣-glucuronidase expression in KO11. The genomic DNA of Cellvibrio japonicas NCIMB10462 was prepared as follows. The strain was cultivated in Luria broth (LB) medium at 37°C and 250 rpm for 3 days. Cell biomass was harvested by centrifugation. The genomic DNA was isolated using a commercial fungal/bacterial genomic DNA isolation kit (Zymo Research Inc., Orange, CA). To construct plasmid pTAGU (Fig. 2D) , the structural gene of ␣-glucuronidase was amplified from the genomic DNA of Cellvibrio japonicas (NCIMB10462) by PCR using two primers, mAGU-F and AGU-R. Separately, the DNA fragment containing the tac promoter and the MalE signal sequence, including the 30-bp homologous DNA sequence of the 5Ј end of the mature agu67A gene, was amplified (pMAL2px; New England BioLabs) by PCR using forward primer TAC-F and reverse primer mAGUTAC-R ( Table 2) (Fig. 2D ). E. coli BL21(DE3) was used for production of recombinant feruloyl esterase (FAE) and ␣-arabinofuranosidase, needed as exogenous enzymes in some experiments. The expression plasmid for the ␣-arabinofuranosidase gene (abf2, CAB14811), pETABF, was constructed by PCR cloning using abf2-F and abf2-R as the primers and genomic DNA of Bacillus subtilis 168 as the template, and the amplified DNA was inserted into BamHI and XhoI of pET20b(ϩ). Similarly, the expression plasmid for feruloyl esterase gene (fae, AAA23286), pETFAE, was constructed by amplifying the corresponding gene from the genomic DNA of Clostridium thermocellum by PCR using CtFAE-F and CtFAE-R as primers, and the amplified fragment was inserted into BamHI and SalI of pET20b(ϩ). All PCRs were carried out under the manufacturers' recommended conditions, and general recombinant DNA techniques were performed as described in Molecular Cloning: A Laboratory Manual (22) .
Media and cultivation conditions. Plasmid-bearing strains were cultured in either LB or terrific broth (TB), as indicated. Antibiotics were added as appropriate (ampicillin at 100 g/ml and/or kanamycin at 50 g/ml). A single colony of a transformant was inoculated into a culture tube containing 4 ml LB, and cells were cultivated overnight. The overnight culture was used to inoculate 50 ml LB or TB in 250-ml Erlenmeyer flasks to an optical density at 600 nm (OD 600 ) of 0.1. Cells were cultured in a biological shaker with the temperature controlled at Xylan fermentation using binary culture. The first strain of the binary culture, E. coli E609Y/pCRAXEXYL, was first grown in TB supplemented with 1% (wt/vol) birch wood xylan at 37°C and 250 rpm for about 4 h (OD 600 , Ϸ0.4 to 0.6) and was induced by adding 1 mM IPTG to express the recombinant xylanase and acetylxylan esterase. Separately, the second strain of the binary culture, KO11/ pBBKXYN, was cultivated under the same growth and induction conditions described for the first strain, except LB medium was used.
At 0, 12, 24, and 36 h after induction of the first strain, the cocultivation was started by adding KO11/pBBKXYN cells to the cell culture of the first strain. The amount of KO11 cells used corresponded to an increase in the OD 600 of the binary culture of 1 unit. The binary culture was incubated at 30°C and 200 rpm for an additional 24 h. Samples were taken periodically to monitor the progress of xylan fermentation by measurement of concentrations of cell biomass, ethanol, and reducing sugar.
In the case of coexpression of ␣-glucuronidase in KO11, strain KO11/ pBBKXYN/pTAGU was used as the second strain. Other conditions were identical to those described above. For single-strain control experiments, either KO11/pCRAXEXYL(Km Ϫ )/pBBKXYN or E609Y/pCRAXEXYL(Km Ϫ )/ pBBKXYN was cultivated in terrific broth supplemented with 1% (wt/vol) birch wood xylan at 37°C, and IPTG induction for expression of recombinant proteins was done according to the procedure described above. Ethanol fermentation by induced culture was stopped when the ethanol concentration peaked (about 30 h).
Acid hydrolysate was prepared as described previously (17) . Briefly, birch wood xylan (4.0%, wt/vol) was autoclaved at 121°C in the presence of 0.1 N HCl, followed by neutralization with 1 N NaOH. The hydrolysate was fermented by KO11/pB-BKXYN. The same preinduction described above was used, except the terrific broth was supplemented with 1% (wt/vol) acid hydrolysate. The induced culture was cultivated as described above until the ethanol concentration peaked (about 30 h).
Where indicated, exogenous feruloyl esterase (0.2 U) and ␣-arabinofuranosidase (0.45 U) were added at the time of IPTG induction. Recombinant enzymes were prepared from E. coli BL21(DE3) carrying either pETABF or pETFAE. Conditions for cell growth and enzyme production were as described above. Crude enzymes were obtained by sonication of harvested cell pellets.
Enzyme activity assay. Xylanase activity was determined in a 50 mM sodium phosphate buffer (pH 6.0) containing 1.0% (wt/vol) boiled oat spelt xylan (Sigma-Aldrich, St. Louis, MO). After a 30-min incubation at 40°C, the reducing sugar liberated in the reaction mixture was measured by the dinitrosalicylic acid method (4) . One unit of xylanase activity is defined as the amount of enzyme that produces 1 mol of reducing sugar as xylose per min.
Acetylxylan esterase activity was measured by performing an end-point acetate-release assay as described by Nisole et al. (15) but modified to be carried out on a 96-well microtiter plate. Briefly, deacetylation reactions (total volume, 200 l) were performed using 120 l of cell extract supernatant and 0.4 mg of chitosan (75 to 85% deacetylated; final concentration, 2 mg/ml; Sigma-Aldrich) in 25 mM phosphate buffer (pH 6.0) containing 1 mM Co(NO 3 ) 2 ⅐ 6H 2 O. The reaction mixture was incubated on a mixer set at a speed of 1,000 rpm (Thermomixer; Eppendorf, Hauppauge, NY) at 40°C for 24 h. The released acetate was measured by an enzyme-coupled spectrophotometric method using a commercial kit from R-Biopharm (acetic acid assay; Marshall, MI). One enzyme unit is defined as the amount of enzyme releasing 1 mol of acetic acid per minute.
␣-Arabinofuranosidase and ␤-xylosidase activities were measured using pnitrophenyl (PNP)-␣-arabinofuranoside and p-nitrophenyl-␤-xylose (SigmaAldrich) as substrates, respectively. Hydrolysis of each PNP substrate was determined by the release of p-nitrophenol. The reaction was carried out in a mixture containing 20 l 20 mM PNP substrate, 880 l 50 mM sodium acetate buffer (pH 6.0), and 100 l enzyme solution at 40°C. The reaction was stopped by adding 1 ml 2% (wt/vol) Na 2 CO 3 , and the optical density at 410 nm was measured. One enzyme unit is defined as the amount of enzyme releasing 1 mol of p-nitrophenol per minute.
FAE activity was measured by analyzing the free ferulic acid released from methyl ferulate (Apin Chemicals, Oxon, United Kingdom) using a high-performance liquid chromatography (HPLC) system as described previously (25) . The assay was carried out at 40°C for 30 min in a 50 mM sodium phosphate buffer (pH 7.0) containing 1 mM methyl ferulate. One unit of FAE activity was defined as the amount of enzyme that liberates 1 mol ferulic acid per min.
SDS-PAGE. Each sample was mixed with SDS sample buffer (10% SDS, 10% ␤-mercaptoethanol, 0.3 M Tris-HCl [pH 6.8], 0.05% bromophenol blue, 50% glycerol), boiled for 5 min, and resolved on a 12.5% (wt/vol) SDS-polyacrylamide gel.
Protein bands were detected using Coomassie blue staining (Bio-Rad, Hercules, CA).
Analytical method. Cell density (OD 600 ) was measured on a UV/visible light spectrophotometer (DU530; Beckman Coulter). Fermentation products were analyzed by an HPLC method on a Supelcogel C-610H column (Sigma-Aldrich), and 0.01% (wt/vol) phosphoric acid was used as the mobile phase. The ethanol concentration was determined with a refractive index detector based on calibration curves.
For analysis of xylooligosaccharides in culture broth, samples were analyzed by high-performance anion-exchange chromatography (HPAEC) using a Dionex system equipped with an ED50 electrochemical detector (Sunnyvale, CA). Monosaccharides and oligosaccharides were separated on a CarboPac PA-20 column (Dionex). Detection was through pulsed amperometry (waveform; for time [t] ϭ 0.41 s, potential [p] ϭ Ϫ2.00 V; t ϭ 0.42 s, p ϭ Ϫ2.00 V; t ϭ 0.43 s, p ϭ 0.60 V; t ϭ 0.44 s, p ϭ Ϫ0.10 V; t ϭ 0.50 s, p ϭ Ϫ0.10 V). The mobile phase consisted of degassed solution A containing 100 mM sodium hydroxide and solution B containing 500 mM sodium acetate and 100 mM sodium hydroxide. The mobile phase was pressurized with inert gas (He) to prevent interference of airborne carbon dioxide. A flow rate of 0.5 ml/min was used. The following linear gradient was used: at t ϭ 0 min, 100:0 (solution A/solution B); at t ϭ 30 min, 30:70; at t ϭ 35 min, 30:70; at t ϭ 45 min, 100:0; and at t ϭ 55 min, 100:0.
Ethanol yield calculation. The following formulas were used to calculate the hydrolysis and ethanol yields: hydrolysis yield (%) ϭ ([reducing sugar]/[maximum xylose content of substrate]) ϫ 100; ethanol yield (%) ϭ {[ethanol]/ ([maximum xylose content of substrate] ϫ 0.51)} ϫ 100; and the maximum xylose content of substrate ϭ ([substrate] ϫ 0.9)/0.88, where 0.9 is the xylose content in birch wood xylan, taken to be 90% by weight according to Sigma-Aldrich, and 0.88 is a conversion factor for xylan hydrolysis.
RESULTS
First design of the binary system. An integrated modular approach was used to design a binary culture (Fig. 3) to enable E. coli biocatalysts to convert xylan to ethanol. The first strain was designed to be a hemicellulase producer and secretor. In particular, strain E609Y was engineered to express and secrete recombinant xylanase and AXE, which were expected to act synergistically to hydrolyze xylan hemicellulose to its oligomers, or xylooligosaccharides. Note that the engineering goal for the first strain is to achieve only a partial rather than a complete hydrolysis, generating xylooligosaccharides. This design has two advantages. It reduces the need for extracellular hemicellulases and reduces the burdens on secretion systems. This is especially important, as complete hydrolysis requires six different kinds of hemicellulases. Additionally, it allows distribution of the burden of synthesizing recombinant enzymes between the two strains. The second strain of the binary culture was designed to cooperate with the first strain by taking up the oligomers and expressing complementary enzymes to hydrolyze xylooligosaccharides further into fermentable sugars inside the cells. These enzymes would be expressed intracellularly. This is important because ␤-xylosidases and some other hemicellulases are intracellular enzymes and are often large multimers, and engineering adequate amounts of secretion may be difficult. The second strain is also a biofuel producer. In principle, many E. coli strains engineered to produce biofuel could be used in this design. Here an ethanologen, strain KO11, was used as a model system. According to the design shown in Fig. 3 , expressing the transporter and xylosidase should enable KO11 to assimilate xylan oligomers for ethanol production. Hence, the cocultivation of the two strains should allow the direct conversion of xylan hemicellulose into ethanol.
Engineering E609Y to coexpress and cosecrete two hemicellulases. In our previous work, we demonstrated that a single gene mutation, deletion of the lpp gene, enabled periplasmdirected recombinant proteins to secrete into the extracellular (24) . The secretion was shown to be lysis independent, as no intracellular markers were found to be extracellular (22) . However, only a single protein target was tested. In this work, we extend the work to the cosecretion of two recombinant proteins. Accordingly, we used E609Y, which carried a single gene lpp deletion, as the host strain for coexpression and cosecretion of two hemicellulases, a xylanase and an acetylxylan esterase. These two hemicellulases are chosen because of the following considerations. Xylanase acts on the backbone of xylan and is the most important hemicellulase for hydrolysis. Xylans, especially wood-derived xylans, are heavily acetylated (3). Acetylation often makes hydrolysis difficult. Consequently, deacetylation is expected to accelerate backbone cleavage. It was indeed shown in several cases that a significant synergy exists between the two enzymes (1, 6, 20) . The need for their synergistic action requires that they be present in the same cellular location, in particular, in this case, the extracellular location. The recombinant xylanase was a family 11 xylanase from Bacillus halodurans (24) and AXE was from Streptomyces violaceoruber (15) . The xylanase and AXE genes were fused with Tat and its native Sec signal peptides, respectively (detailed in Materials and Methods), to allow translocation of the two enzymes across the inner membrane by two different mechanisms. The plasmid design for coexpression of these two enzymes is shown in Fig. 2A . As shown in Table 3 , recombinant coexpression of the two enzymes was successful, giving xylanase activity of 280 U per liter of culture broth and AXE activity of 2.76 U per liter of culture broth. Moreover, the enzyme activities were found to be mostly extracellular, with about 93% and 95% secretion efficiencies for xylanase and AXE, respectively. These results indicate that the lpp deletion strategy worked for cosecretion of the two enzymes.
Engineering KO11 for xylooligosaccharide assimilation. We chose to use KO11 as the host strain for expression of the xylooligosaccharide uptake system, as it was previously engineered by Ohta et al. for ethanol production (16) . A two-gene operon was identified from the newly sequenced genome of Klebsiella pneumoniae ATCC 700721, which shares 94% sequence identity to an experimentally characterized operon from a closely related organism (19) . The operon encodes a putative xyloside permease (KXynT), a sugar symporter belonging to a major facilitator superfamily, and a putative Klebsiella ␤-xylosidase (KXynB) downstream.
The expression plasmid of the operon is shown in Fig. 2C . Since KXynT is a transmembrane protein, its hyperexpression is not necessary and could even be harmful to the cells. Use of a p15a-based low-copy-number plasmid is more appropriate for its expression. Successful expression of KXynB, the second gene of the operon, was evident from the SDS-PAGE analysis. A band corresponding to the expected size, 64 kDa, was obtained from the cell lysate carrying the recombinant plasmid, while it was absent from the cell lysate carrying an empty vector (Fig. 4) . The assay of ␤-xylosidase activity confirms functional expression of the enzyme, giving xylosidase activity of approximately 1,600 U/ml. As is typical for a ␤-xylosidase, the enzyme is bifunctional, exhibiting ␣-arabinofuranosidase activity of approximately 46 U/ml, about 3% of its xylosidase activity. Taken together, this result demonstrated the high level of expression of KxynB and confirms its xylosidase function.
Indirect evidence for functional expression of the first gene KO11 cells with and without the operon expression plasmid pBBKXYN were first grown in a rich medium and operon expression was induced. Cells were subsequently harvested, the residual medium was washed off, and the cells were resuspended into LB medium containing partially hydrolyzed xylan substrate (with a reducing sugar concentration of 1.74 g/liter at the time of inoculation) to an OD 600 of 1.0. After 48 h of incubation, KO11 cells (the control) were found to grow to an OD 600 of 3 and the reducing sugar concentration was increased to 4.4 g/liter due to the continued action of the enzymes in the hydrolysate. The ethanol concentration was about 1.3 g/liter ( Table 4 ). The cells with induced gene expression of the operon from the plasmid grew to a higher cell density, reaching an OD 600 of 4.74. The reducing sugar concentration was reduced to 1.5 g/liter, about three times lower than that for the control, KO11, and the ethanol concentration was accumulated to 2.9 g/liter (Table 4) , more than double the concentration when no operon expression plasmid was present. The significant differences in cell density and reducing sugar and ethanol concentrations between the strain expressing the KxynTB operon and the control are indications that the former was able to utilize more carbon sources from partially hydrolyzed xylan. In a previous study of KO11 from Ingram's laboratory (2), the strain expressing recombinant ␤-xylosidase (Butyrivibrio fibrisolvens xylB) was tested for its ability to utilize xylan hydrolysate. Only xylose was used. Xylobiose and higher xylooligomers were not used at all (2), indicating that no endogenous uptake systems in KO11 are capable of transporting xylobiose and higher oligomers. In light of the findings of this study and the data shown in Table 4 , we conclude that the transporter was functionally expressed. The collective action of the transporter and recombinant ␤-xylosidase allowed oligosaccharides to be taken into the cells and subsequently used for cell growth and conversion to ethanol, resulting in ethanol and biomass concentrations significantly higher than those for the control without the expression of the operon.
Demonstration of conversion of xylan to ethanol by the binary culture. The initial success of the direct fermentation of xylan to ethanol by the binary culture was demonstrated with 1.0% (wt/vol) birch wood xylan. A two-stage process was used for the demonstration. In the first stage, the two strains were cultivated separately and the production of recombinant proteins in each strain was induced. This separate cultivation stage is necessary due to the significant growth rate differences between the two strains. In the second stage, pregrown cells from the two strains were cocultivated for xylooligosaccharide assimilation and ethanol production. The start of the cocultivation was selected to be 36 h after the induction of recombinant protein expression for the first strain, a duration that allowed sufficient time for recombinant protein expression with simultaneous xylan hydrolysis. The reducing sugar concentration measured and the percent hydrolysis reached at this point were 3.35 g/liter and 33%, respectively. The cocultivation was started by adding preinduced KO11/pBBKXYN cells to E609Y/pCRAXEXYL cells to increase the OD by 1 unit (from 4.5 to 5.5). The cocultivation period was characterized by the rapid production of ethanol. The ethanol concentration at the end of 24 h of cocultivation was 2.84 g/liter, representing about 55% of the theoretical yield on the basis of the 1% xylan input ( Table 5 ). Note that the hydrolysis yield before the inoculation of the second strain was only 33%; if there was no further hydrolysis during the cocultivation, the maximum ethanol yield would not exceed 1.71 g/liter. Therefore, the ethanol concentration of 2.84 g/liter or the ethanol yield of 55% is a result of continued hydrolysis and fermentation of the xylooligosaccharides during the cocultivation stage. During cocultivation, culture broth, after serial dilution, was spread on petri dishes containing LB medium supplemented with Km, 1% xylan, and Congo red, a dye that specifically binds to ␤-glucans. As shown in Fig. 5 , there were two types of colonies on the plates: large colonies that appeared early (ϳ16 h) after plating and smaller ones that required a longer incubation (ϳ24 h). Halos surrounding the small colonies are formed as a result of cleavage of the ␤-1-4-xylan backbone by xylanase, which releases the dye. Therefore, these small colonies could be attributed to a subpopulation of E609Y/pCRAXEXYL producing xylanase. Large colonies on the plates may be attributed to KO11/ pBBKXYN but may also include E609Y cells that have lost their ability to produce xylanase. As illustrated in Fig. 5 , as cocultivation continued, a decrease in the xylanase-producing colonies was apparent. At 24 h of cocultivation, no xylanaseproducing colonies were apparent. The decrease was not surprising, as E609Y/pCRAXEXYL was well into its stationary phase at this point (60 h after the induction of recombinant proteins). Despite the decrease, these results indicate that at least a subpopulation of E609Y/pCRAXEXYL cells retained the ability to produce recombinant hemicellulases, which likely contributed to the continued hydrolysis during the cocultivation period.
To compare the binary strategy to a single-strain strategy, a modification was made to pCRAXEXYL to remove the Km resistance gene, a step necessary to make it compatible with pBBKXYN (the second plasmid carried by the single-strain control, which harbors a Km resistance gene). The resulting plasmid, pCRAXEXYL(Km Ϫ ) (Fig. 2B) , along with pBBKXYN ( Fig. 2C) , was transformed into KO11 and E609Y to yield two single-strain controls, KO11/pCRAXEXYL (Km Ϫ )/pBBKXYN and E609Y/pCRAXEXYL(Km Ϫ )/ pBBKXYN, respectively.
Fermentation of 1% (wt/vol) birch wood xylan was carried out for both single-strain controls, and the ethanol yields from the single-strain controls are shown in Table 5 . KO11 expressing both hemicellulases and the xyloside-utilizing operon gave a yield of 38%, significantly lower than what was reached by the binary culture (Table 5) . Similarly, E609Y carrying both plasmids had an even lower yield than that of the binary culture: 26% versus 55%.
In the binary design, initial xylan hydrolysis is mediated by only two hemicellulases, xylanase and acetylxylan esterase. To assess the extent of hydrolysis by the two hemicellulases, an acid hydrolysate was prepared and subsequently fermented by KO11/pBBKXYN. The ethanol yield from fermentation of acid hydrolysate was 84%, higher than 55% achieved by the binary culture (Table 5 ). The lower ethanol yield from enzymemediated hydrolysis was not surprising, as only two types of enzymes were produced by E609Y/pCRAXEXYL, whereas complete hydrolysis requires other enzymes (Fig. 1) . However, the final yield by the binary culture is about 65% of that obtained with acid hydrolysate, indicating that significant hydrolysis was achieved by just two enzymes. The acid hydrolysate was found to contain relatively large amounts of oligomers which were not taken up by KO11/pBBKXYN (see below), which explains why the yield was below the theoretical yield (100%), which was based on the xylose content of birch wood xylan.
There are a few considerations unique to a binary culture when various operating parameters are selected. In the course of the study, we observed significant differences in growth rates between the two strains: 0.533 h Ϫ1 for KO11/pBBKXYN versus 0.361 h Ϫ1 for E609Y/pCRAXEXYL. To avoid one strain completely taking over the other, the two strains were cultivated separately and recombinant protein expression was induced in each strain before cocultivation. The duration between the start of induction in E609Y and the onset of cocultivation were chosen to achieve two goals, i.e., sufficient enzyme expression and some level of hydrolysis. This parameter was further studied by starting the cocultivation at 0, 12, and 24 h after IPTG induction for E609Y and comparing the results to those obtained at the 36 h used in the initial study. As shown in Fig. 6 , under otherwise identical conditions, a sufficient postinduction time before cocultivation favored ethanol production. For example, cocultivation 24 h after the induction led to an ethanol concentration of 2.4 g/liter, about three times the level achieved when cocultivation started at the same time as IPTG induction. However, the positive effect of a prolonged postinduction time reached a plateau at about 24 h, and no further increase in ethanol concentration was observed beyond 24 h.
Improving ethanol yield. While the above data demonstrate the proof of concept for a binary strategy, improvement in etha- (Table 5) . This is understandable, as only three of the six required hemicellulases were produced by the combined actions of E609Y/pCRAXEXYL and KO11/ pBBKXYN. Therefore, additional experiments were carried out to investigate the effects of the other required hemicellulases on ethanol yield. Birch wood xylan is substituted with 10% methyl glucoronic acid ( Fig. 1) (8) . The substitution negatively impacts the hydrolysis and conversion in two ways. First, the substitute may impede the enzyme hydrolysis when it is not removed from the xylan backbone. Additionally, since methyl glucuronic acid is not utilized by common E. coli strains, it detracts from the ethanol yield. Although the yield calculation has taken into account the reduction, the impact on the hydrolysis step requires further assessment. To this end, an ␣-glucuronisidase gene from Cellvibrio japonicus was cloned into a plasmid pTAGU (Fig. 2D) , which was transformed into KO11/pBBKXYN. The reaction of xylan to ethanol by the binary culture (Table 6 , case B, E609Y/ pCRAXEXYL and KO11/pBBKXYN/pTAGU) was run under the same conditions described in the previous section, except the second strain carried an additional plasmid harboring the ␣-glucuronisidase gene. The ethanol yield was improved from 55% to 63%, and ␣-glucuronisidase was expressed (Table 6 , case B), indicating the importance of removing this substitution for the generation of monomeric sugars. To further evaluate other accessory hemicellulase enzymes on the final yield of ethanol, exogenous recombinant ferulic acid esterase (0.2 U) or ␣-arabinafuranosidase (0.45 U) was added to the culture of E609Y/pCRAXEXYL at the time of IPTG induction, and the subsequent cocultivation with KO11/pBBKXYN was as described above. The results are shown in Table 6 (cases C and D). Supplementation of either ferulic acid esterase or ␣-arabinofuranosidase increased the final ethanol yield by a few percentage points to approximately 60%. Therefore, supplementation of any of the three hemicellulases increased the ethanol yield.
Finally, the combined effects of coexpressing ␣-glucuronisidase and exogenous ferulic acid esterase and ␣-arabinofuranosidase were evaluated (Table 6 , case E). Figure 7 depicts the concentration profiles of the cell, reducing sugar, and ethanol during the 48-h cocultivation period. Cells grew slightly for a few hours after the inoculation of the second strain; thereafter, a slow decrease over the next 40 h was observed. The ethanol profile showed a rapid initial production followed by a slow increase. Most of the ethanol accumulated was produced in the first 8 h. The highest ethanol concentration, 3.71 g/liter, representing about 71% of the theoretical yield, was reached at 24 h after cocultivation. These results indicate the importance of the inclusion of all hemicellulases for a high ethanol yield. The reducing sugar concentration profile mirrored the ethanol profile, exhibiting an initial high rate of consumption followed by a phase with a drastically reduced rate. At the end of the cultivation, however, 1.4 g/liter reducing sugars remained, and these may have included methyl glucuronic acid, known to be present and unutilized by E. coli strains. Culture broth samples taken at the beginning of the cultivation (t ϭ 0; Fig. 7B ) were analyzed by an HPAEC method, which showed the presence of multiple xylooligosaccharides with various chain lengths from monomer xylose (X 1 ) to xylopentose (X 5 ) and several unidentified peaks due to a lack of standards (Fig. 7B) . After 24 h of cocultivation, peaks corresponding to xylose (X 1 ), xylobiose (X 2 ), and xylotriose (X 3 ) disappeared, whereas peaks corresponding to higher xylooligosaccharides (X 4 and X 5 ) remained. These results indicate that xylooligosaccharides with more than four xylose units were not used, presumably due to the inability of the uptake system. The binary culture used all the short xylooligosaccharides, but the enzyme activities from the two strains were insufficient to break down xylan to small enough xylooligosaccharides, suggesting that future efforts in improving the ethanol yield should focus on optimizing hemicellulase activities to achieve a more complete breakdown of xylan. Alternatively, identifying a transporter capable of uptake of longer oligomers will allow the cells to use these oligomers without requiring their breakdown to smaller units outside the cells.
It is not clear at this point whether inhibition contributes to the incomplete utilization of reducing sugar, but at the end of cultivation, the acetate concentration was 1.3 g/liter and the ethanol concentration was 3.7 g/liter, with both levels being relatively low. Ferulic acid may also be present, although at a low level. Further studies are needed to ascertain inhibition from various biomass components and for further improvement of the process.
DISCUSSION
Diverse strategies in engineering microorganisms for consolidated bioprocessing are being explored. There are pros and cons associated with a single-strain and multistrain (or consortium) approaches. Both merit investigation. The work presented here pursued a binary strategy. As six different hemicellulases are needed to hydrolyze a substrate as complex as xylan, the burden on cells in making a full complement of hemicellulases could be significant. A binary strategy could easily distribute the burden of synthesizing recombinant enzymes and biofuel production between two strains. Since consolidated bioprocessing requires at least some of the hydrolases to be in the extracellular milieu, cellular conditions best suited for secretion of enzymes may not necessarily be the best conditions for biofuel production. The contradictory requirement can easily be resolved with a multistrain approach, whereas a single-strain strategy inevitably requires compromise, leading to suboptimal performance of the strain. On the other hand, a process with multiple strains requires additional equipment and steps in the seed-building stage. There have been limited attempts in engineering microorganisms with either approach, and no conclusion can be drawn owing to the dearth of data. However, a suitable strategy can be decided only on a case-by-case basis, depending on the types of substrates and biofuel, the organisms, and other process specifics. The high ethanol yield (55 to 70%) obtained with a binary strategy, as shown in this work, validates the binary strategy. To the best of our knowledge, this is the first binary culture designed and engineered specifically for conversion of xylan to a useful molecule. Although it is demonstrated here only for ethanol production, the strategy used could be applied to other E. coli strains targeting other bioproducts. Only minimal manipulations are required to incorporate the second productsynthesizing strain into the binary culture. Examples of the second strains are those already engineered to produce xylitol, butanol, isobutanol, succinic acid, pyruvate, polyhydroxylalkonate (PHA), and biodiesel under both aerobic and anaerobic conditions. We expect that this strategy will be successfully used for all these products without having to engineer the first strain. This, indeed, highlights the advantage of a binary strategy.
This study also identifies several areas for future improvement. Besides improving the ethanol yield, the ease of binary culture operation should also be the goal of future engineering. In particular, eliminating separate culturing of two strains for growth and induction is highly desirable but requires two strains with the same or similar growth rates under the target conditions. This is not trivial, as both strains produce more than one recombinant protein and the impact of extra proteins or biofuels on cell growth is not always predictable. Careful design of engineering strategies and several rounds of trial and error may be necessary before an ideal division of labor between the two strains can be reached.
